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We investigated how experience regulates the struc-
ture of a defined neuronal circuit in adult mice. En-
riched environment (EE) produced a robust and
reversible increase in hippocampal stratum lucidum
synapse numbers, mossy fiber terminal (LMT)
numbers, and spine plus synapse densities at
LMTs, whereas a distinct mechanism depending on
Rab3a promoted LMT volume growth. In parallel,
EE increased postsynaptic CA3 pyramidal neuron
Wnt7a/b levels. Inhibiting Wnt signaling through
locally applied sFRP-1 suppressed the effects of EE
on synapse numbers and further reduced synapse
numbers in control mice. Wnt7 applied to CA3
mimicked the effects of EE on synapse and LMT
numbers. CA3 Wnt7a/b levels were enhanced by
excitatory activity and reduced by sFRP-1. Synapse
numbers and Wnt7a/b levels peaked in mice aged
6–12 months; a decline in aged mice was reversed
by EE. Therefore, behavioral experience specifically
regulates adult global stratum lucidum synapse
numbers and hippocampal network structure
through Wnt signaling.
INTRODUCTION
The nervous system recruits a rich repertoire of plasticity mech-
anisms in order to interact successfully with its environment.
Among them, synaptic plasticity includes modifications of exist-
ing synapses and the formation and loss of synaptic connections
(i.e., structural plasticity). The precise changes that do take place
in healthy adults have remained unclear (Chklovskii et al., 2004;
Alvarez and Sabatini, 2007; Gogolla et al., 2007). Time-lapse
imaging studies in vivo have revealed the existence of subpopu-
lations of dynamic synapses, which form and disassemble with
half-lives of days or weeks in adult mice and primates. This
ongoing structural plasticity involves synaptic rearrangements
that would not be detectable without repeated observations of
the same sets of synapses and appear to undergo homeostatic
control of synapse numbers (Alvarez and Sabatini, 2007; Gogolla
et al., 2007). In contrast to these subtle synaptic rearrangements,510 Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc.quantitative differences in dendritic or axonal structures have
been detected in animals that had undergone hormonal status
changes, repeated training for new skills, environmental enrich-
ment, and/or chronic stress (Moser et al., 1997; McEwen, 1999;
Sandi et al., 2003; Stewart et al., 2005; Galimberti et al., 2006).
Those findings have suggested that neuronal circuits can
undergo large-scale net structural alterations in response to
experience in the adult, but the synaptic basis of the changes
and the mechanisms involved have remained unclear. Eluci-
dating cellular and molecular mechanisms underlying net circuit
remodeling in the adult should provide important insights into
how the nervous system responds to experience.
Due to its unique anatomical features, the mossy fiber projec-
tion by dentate gyrus (DG) granule cells onto hippocampal CA3
has provided an advantageous model system to investigate
axonal structural plasticity in the adult. The axons of glutamater-
gic granule cells (a.k.a. mossy fibers) synapse onto excitatory
and inhibitory interneurons in the hilus and then extend in tight
lamellar bundles throughout stratum lucidum in CA3 to establish
eight to ten large mossy fiber terminals (LMTs) onto pyramidal
neurons (Claiborne et al., 1986; Henze et al., 2000; Rollenhagen
et al., 2007). Anatomically, LMTs are terminal bouton structures,
which consist of a ‘‘parent LMT’’ associated with the main axon,
and can include ‘‘satellite LMTs,’’ which are connected by thin
processes to the parent LMT (Figure 1A; Galimberti et al.,
2006). Mossy fibers further synapse onto inhibitory neurons in
CA3 through en-passant boutons and filopodial extensions of
the LMTs (Acsady et al., 1998; McBain, 2008). In addition to their
low numbers, large sizes, and lamellar distributions, the potent
synaptic connections by mossy fibers onto pyramidal neurons
relate in a dramatic fashion structure to function. This is due to
the large number of synapses that individual LMTs can establish
with postsynaptic thorny excrescences of individual excitatory
pyramidal neurons (Figure 1A) and the increasing co-operativity
of these synapses at higher spiking frequencies (Henze et al.,
2002; Mori et al., 2004; Nicoll and Schmitz, 2005; McBain, 2008).
The connectivity between mossy fiber LMTs and CA3 pyra-
midal neurons exhibits pronounced structural plasticity in the
adult. Most dramatically, adult neurogenesis of granule cells
leads to the experience-related incorporation of new projections
throughout life (van Praag et al., 2000; Ninkovic et al., 2007). In
addition, hippocampal learning can produce spatial expansions
of the mossy fiber projection, whereas chronic stress produces
global reductions in postsynaptic spine densities (Pleskacheva
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Wnt Signaling Regulating Adult CA3 Synapse NumbersFigure 1. Increased Stratum Lucidum Synapse Numbers and LMT Synapse Densities upon Enriched Environment
(A) Schematic representation of mossy fiber terminal structures in CA3. Top:mossy fiber (mf) section with two parental LMTs (par1, 2), two satellite LMTs (sat1, 2),
filopodial synapses (fil1-5), and en-passant boutons (epb1, 2). Active zones are indicated in red. Bottom: cross-section of one LMT (pale) with its thorny excres-
cences (dark) establishing multiple synapses (red, presynaptic AZ; yellow, postsynaptic density; nine synapses indicated). See also Acsady et al. (1998), Galim-
berti et al. (2006), and Rollenhagen et al. (2007).
(B) Increased satellite numbers upon EE. Left: camera lucida tracings of mGFP-expressing mossy fibers in stratum lucidum (CA3b) of 3-month-old mice housed
for 3 weeks under control (Ctrl) or EE conditions (see also Figure S1). Right: quantitative analysis of satellite numbers, total LMT numbers and LMT sizes (see
Experimental Procedures). All average values are expressed as mean ± SEM. N = 60, from 3 mice each; t test; ***p < 0.0001; **p < 0.001; ns = not significant.
(C) Increased numbers of synaptic markers in stratum lucidum upon EE. Left: immunocytochemistry for active zone marker bassoon and postsynaptic density
marker PSD95. Insert right picture: higher magnification. Note the close apposition of most bassoon and PSD95 puncta. Right: quantitative analysis of bassoon
and PSD95 puncta upon EE. N = 60, from 3 mice each.
(D) Increased densities of bassoon puncta upon EE. Values for individual LMTs. Note that in control mice densities of bassoon puncta do not increase propor-
tionally with LMT sizes and that the EE conditions produce a general increase in bassoon puncta per LMT, with effects most pronounced at larger LMTs.
(E) Increased postsynaptic growth and synapse numbers at LMTs upon EE. Left: representative stratum lucidum electron micrographs in CA3b. In the panels in
the middle (identical to left), spine profiles (thorns) are filled (cream), and synapses are highlighted (red). Panels on the right: higher magnifications of field within
the boxes. N = 80 LMTs, from 4 mice each.
(F) Schematic representation of how EE produces an increase in satellite numbers and in the densities of synapses per LMT. Red: synapses.
Scale bars: 10 (B), 8 (C, left, center), 4 (C, right), and 3 (E) mm.Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc. 511
Neuron
Wnt Signaling Regulating Adult CA3 Synapse Numberset al., 2000; Ramirez-Amaya et al., 2001; Sandi et al., 2003;
Stewart et al., 2005). Investigations based on the visualization
of individual axons and dendrites in transgenic mice expressing
GFP constructs in few neurons have provided more precise
accounts of this structural plasticity. Thus, time-lapse imaging
studies in organotypic slice cultures have provided evidence
for balanced turnover of mossy fiber boutons regulated by
AMPA receptor activation (De Paola et al., 2003). In addition,
an analysis of mossy fiber connectivities in situ has provided
evidence for macroscopically detectable long-term alterations
in the adult: housing mice under EE conditions produced
a marked increase in dendritic spine lengths and satellite
LMTs, whereas a gradual life-long shift in LMT size distributions
produced increasingly asymmetric distributions of LMT sizes as
a function of increasing age (Galimberti et al., 2006).
Although the cellular and molecular mechanisms involved in
the large-scale remodeling of LMTs in the adult have remained
unclear, synaptic activity is likely to be involved. Consistent
with this possibility, LMT expansion in slice cultures depended
on spiking activity, glutamate release from LMTs, and signaling
pathways involved in mossy fiber LTP (mfLTP) (Nicoll and
Schmitz, 2005; Galimberti et al., 2006). In addition, inhibition of
synaptic activity with TTX or mGluR2 agonists produced a global
reversible shrinkage of all LMTs in the cultures, suggesting that
synaptic activity regulates LMT sizes and/or synapse numbers
in stratum lucidum (Galimberti et al., 2006). Accordingly, the
activity-dependent expression and release of synaptotropic
factors such as BDNF or Wnt proteins might provide mecha-
nisms to couple synaptic activity to synaptic growth in the hippo-
campus (Ji et al., 2005; Bamji et al., 2006; Sato et al., 2007; Sal-
inas and Zou, 2008). BDNF accumulates in LMTs (Danzer and
McNamara, 2004) and promotes LTP at mossy fiber synapses
(Huang et al., 2008), but conditional deletion of TrkB did not
affect LMT densities in stratum lucidum (Danzer et al., 2008),
suggesting that BDNF might not have a major role in regulating
LMT remodeling.
Wnt proteins are lipid-modified secreted peptides that
mediate local cell signaling through several distinct receptor
systems (e.g., Mikels and Nusse, 2006). In addition to their
well-known roles in early development, Wnt proteins have
recently been shown to have important roles in the assembly
and plasticity of central synapses (Salinas and Zou, 2008).
Thus, Wnt proteins are expressed in adult neurons, and postsyn-
aptically released Wnt7 proteins promote presynaptic assembly
and synaptic vesicle accumulation at maturing cerebellar and
hippocampal synapses and facilitate LTP at hippocampal
synapses (Hall et al., 2000; Packard et al., 2002; Ahmad-Annuar
et al., 2006; Chen et al., 2006; Cerpa et al., 2008; Ataman et al.,
2008). A hallmark of Wnt signaling pathways is their high degree
of versatility, which is mediated through the cell- and context-
specific expression, targeting, and activation of specific ligands,
receptors, and signal transduction components (Mikels and
Nusse, 2006). Accordingly, signaling throughWnt proteins might
be well-suited to orchestrate global changes in connectivity in
the adult.
Here we investigated the synaptic and molecular mechanisms
underlying global remodeling of LMTs in response to experience
and age in vivo. We show that EE specifically and reversibly512 Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc.produces a robust increase in stratum lucidum synapse numbers
and in the densities of synapses per LMT. In parallel, the EE
conditions produced a marked increase in CA3 pyramidal
neuron Wnt7a/b protein levels. Local inhibition of Wnt signaling
in CA3 suppressed the effects of EE on synapse numbers and
further reduced synapse numbers in mice housed under control
conditions; conversely, the local application of recombinant
Wnt7a or of a Wnt agonist was sufficient to mimic the effects
of EE in vivo and in slice cultures. Taken together, our results
provide evidence that Wnt signaling mediates global regulation
of synapse numbers in response to experience and age in adult
hippocampal stratum lucidum. We propose that these sustained
global alterations in synapse numbers and connectivities might
represent a class of structural plasticity mechanisms that modify
network properties in response to experience.
RESULTS
EE Produces a Global Increase in Stratum Lucidum
and LMT Synapse Numbers
We first determined which specific aspects of mossy fiber
connectivity are affected by housing mice under EE conditions.
Visualization of mossy fibers and their LMTs relied on Thy1-
mGFP reporter mice, which express membrane-targeted GFP
in only few neurons (De Paola et al., 2003). We analyzed LMT
complexities (i.e., the average numbers of satellite LMTs per
parent LMT; Figure 1A) and LMT numbers (i.e. the average
numbers of parent plus satellite LMTs per unit mossy fiber length
in stratum lucidum) using a detailed 3D analysis of mGFP-
labeled axons in stratum lucidum (see Figure S1 for an illustration
of the procedure; all camera lucidas in the paper are based on
complete 3D reconstructions as illustrated in Figure S1). Repre-
sentative examples of LMTs and their satellites are shown as
camera lucidas, but see Figures S2 and S3 for examples of cor-
responding maximum-intensity projections. In parallel, we
analyzed bassoon/PSD95 puncta numbers (i.e. the average
numbers of bassoon- and PSD95-positive puncta (synapses)
per unit stratum lucidum area; tom Dieck et al., 1998), bassoon
puncta per LMT (Figure 1A), and the number of synapses per
LMT (i.e., the numbers of ultrastructurally identified synapses
per LMT unit area; Figure 1A). Unless indicated otherwise, the
analysis involved 8-week-old littermates that had been housed
during 3 weeks under either control or EE conditions.
EE conditions produced an increase in LMT complexities and
LMT numbers, in agreement with previous results (Figure 1B;
Galimberti et al., 2006). In addition, they produced a marked
increase in the numbers of stratum lucidum bassoon/PSD95
puncta (Figure 1C). These puncta were highly correlated in
stratum lucidum: absence of at least partial overlap was 8/500
(control) and 12/500 (EE) (bassoon puncta not overlapping with
PSD95 puncta) and 21/500 (control) and 23/500 (EE) (PSD95
puncta not overlapping with bassoon puncta); see also
Figure 1C. Instead of just reflecting the increase in LMT numbers,
this increase in bassoon/PSD95 puncta involved a specific
increase in the numbers of puncta per individual LMT upon EE
conditions (Figure 1D). Furthermore, the numbers of puncta
per LMT were not simply proportional to LMT sizes (Figure 1D).
Thus, a majority of larger LMTs exhibited substantially lower
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(Figure 1D). This was reflected in the fact that for the subpopula-
tion of LMTswith relatively larger sizes (30%–40%of total LMTs),
LMT sizes seemed to vary independently of puncta numbers
(Figure 1D). Satellite LMTs did not differ significantly from parent
LMTs in their puncta/volume relationship (data not shown).
Significantly, while the EE conditions produced higher numbers
of puncta per volume for most LMTs, this effect of the EE condi-
tions was most pronounced for LMTs of larger sizes (Figure 1D).
These results thus suggested that the EE conditions specifically
enhanced bassoon/PSD95 puncta numbers, leading to higher
synapse densities at all LMTs.
To determine whether the enhanced bassoon/PSD95 puncta
numbers indeed reflected higher numbers of synapses and
whether they might reflect an increase in the extent of contacts
between presynaptic membrane and postsynaptic spines at
LMTs, we analyzed LMTs and their postsynaptic thorny excres-
cences (i.e., the characteristic complex spines of CA3 pyramidal
neurons in stratum lucidum; Figure 1A) using transmission elec-
tronmicroscopy.We found that compared tomice housed under
control conditions, the EE conditions led to a robust and compa-
rable increase in thorny excrescence surfaces associated with
individual LMTs and in the numbers of synapses associated
with individual LMTs (Figure 1E; electron-dense postsynaptic
densities lacking at least five synaptic vesicle counterparts on
the same section were 7/200 [control] and 12/200 [EE]). In
contrast, we found no significant difference in the numbers of
synapses per unit contact length between thorny excrescence
and LMTs (Figure 1E). Taking into account average LMT sizes of
4.4 mm in diameter, average synapse density values of 0.38/mm2,
average synapse sizes of 0.15 mm2 (Figure 1), and assuming
spherical shapes for LMTs, we estimate median synapse
numbers of 22 per LMT under control conditions. This value
is very close to the average values of bassoon puncta per LMT
(18; Figure 1D) and is also close to average values of 20, as
reported for rat LMTs by Rollenhagen et al. (2007). The lower
values for bassoon puncta likely reflect some closely spaced
puncta that were not resolved in the analysis. The EE conditions
thus produced a substantial growth and increased complexity of
thorny excrescences associated with LMTs, coupled to higher
numbers of synapses per LMT (Figure 1F).
Distinct Mechanisms Controlling LMT Sizes
and Synapse Numbers in Stratum Lucidum
Why do the increasing synapse numbers upon EE produce
higher densities of synapses at LMTs, instead of larger LMT
volumes? To investigate the relationship between LMT sizes
and synapse numbers, we searched for mice in which LMT
growth might be impaired. Because our previous findings in or-
ganotypic slice cultures had suggested that inhibiting signaling
pathways involved in mfLTP prevents LMT growth, we analyzed
LMTs in Rab3a/mice, which lack mfLTP (Castillo et al., 1997).
We crossed the Thy1-mGFP reporter allele into the Rab3a/
background and compared Rab3a/ and Rab3a+/+ littermates.
We found that in the absence of Rab3a, LMTs exhibited
dramatically reduced sizes, whereas satellite numbers and total
numbers of LMTs in stratum lucidum were comparable between
wild-type and mutant mice (Figure 2A; see also Figure S4 for EMpanels of Rab3a/ LMTs). Furthermore, size distributions
shifted proportionally in older mutant mice, and the character-
istic asymmetric change in size distributions detected in wild-
type mice was absent (Figure 2A). In contrast to hippocampal
LMTs, sizes of hippocampal Schaeffer collateral boutons and
cerebellar parallel fiber boutons in Rab3a/ mice were compa-
rable to those in wild-type mice (Schaeffer collateral boutons:
7.55 ± 2.12 (+/+) and 6.76 ± 1.85 (/) mm3, p > 0.05; parallel
fiber boutons: 20.12 ± 4.5 (+/+) and 17.78 ± 4.2 (/) mm3, p >
0.05; n = 180 boutons from 3 mice each), indicating that the
absence of the ubiquitous synaptic vesicle protein Rab3a did
not generally affect presynaptic terminal sizes in these mice.
Possibly as a consequence of the reduced LMT sizes, stratum
lucidum bassoon/PSD95 puncta were substantially reduced in
Rab3a/ mice (Figure 2B). Significantly, however, the relation-
ship between puncta numbers and the sizes of individual LMTs
in Rab3a/ mice was closely comparable to that in their
Rab3a+/+ littermates (Figure 2D). To monitor LMT dynamics in
the absence of Rab3a, we also compared organotypic slice
cultures fromwild-typemice to those fromRab3a/mice.While
LMTs were much smaller in the absence of Rab3a, average
numbers of parent LMTs per mossy fiber were again comparable
to wild-type values (Figure S5). Time-lapse imaging at 20 day
intervals revealed that mossy fibers lacking Rab3a exhibited
LMT remodeling resembling that in wild-type counterparts
(Figure S5). Taken together, these results thus suggested that,
in the absence of Rab3a, LMTs exhibit majorly reduced sizes,
but the relationship between synapse numbers and LMT sizes
was not affected.
Does the absence of Rab3a specifically influence LMT sizes,
or do the smaller LMTs reflect a reduction in the numbers of
synapses that can be established in stratum lucidum in the
mutant mice? To address this question, we housed Rab3a/
mice under EE conditions and analyzed the impact of this treat-
ments on LMT and synapse numbers. We found that, like wild-
typemice,Rab3a/mice exhibited enhanced LMT complexities
upon EE conditions (Figure 2C). Strikingly, the EE conditions led
to a particularly large increase in satellite numbers in Rab3a/
mice, which was accompanied by a shift to even smaller LMT
sizes (Figure 2C). The EE conditions further produced a substan-
tial increase in bassoon/PSD95 puncta numbers and in the
numbers of puncta at individual LMTs, which were again compa-
rable in wild-type and Rab3a/ mice (compare Figures 1D and
2D). Since Rab3a/ mice could efficiently establish additional
hippocampal presynaptic terminals with normal bassoon puncta
numbers to LMT size ratios, these results provided evidence that
the absence of Rab3a specifically affects LMT sizes. Presynaptic
terminal sizes and the numbers of synapses in stratum lucidum
are thus regulated through distinct mechanisms: Rab3a specifi-
cally affects the sizes of individual LMTs, whereas a distinct
mechanism leads to a global increase in synapse and LMT
numbers under EE conditions (Figure 2E).
Upregulation of CA3 Pyramidal Neuron Wnt7a/b
upon EE Conditions
To address the possibility that Wnt signaling might be involved in
the effects of EE on synapse numbers, we first determined
whether Wnt factor levels might increase in the hippocampusNeuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc. 513
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Wnt Signaling Regulating Adult CA3 Synapse NumbersFigure 2. Distinct Mechanisms Regulate LMT Sizes and Synapse Numbers at LMTs
(A) Greatly reduced LMT sizes, but not numbers, in the absence of Rab3a. Left: representative examples of mGFP-expressing mossy fibers in stratum lucidum
(CA3b) of 2-month-old Rab3a+/+ and Rab3a/ mice. Top: maximum intensity projections (MIPs); bottom: corresponding camera lucida tracings. Right: quan-
titative analysis of satellite numbers, LMT numbers and sizes in Rab3a+/+ and Rab3a/ mice. N = 60, from 3 mice.
(B) Reduction of synaptic markers in stratum lucidum in the absence of Rab3a. Left: representative images of bassoon puncta. Right: quantitative analysis of
bassoon and PSD95 puncta in Rab3a+/+ and Rab3a/ mice. N = 60, from 3 mice.
(C) Enhanced numbers but smaller sizes of LMTs in Rab3a/mice housed under EE conditions. Left: representative camera lucida drawings of LMTs in CA3b of
3-month-old Rab3a/ mice housed for 3 weeks under control or EE conditions. Right: quantitative analysis of satellite numbers and LMT size distributions in
control- and EE-housed Rab3a/ mice. N = 60 axons, from 3 mice each.514 Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc.
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that the Wnt proteins Wnt7a/b (see Experimental Procedures)
were expressed at substantial levels throughout the hippo-
campal formation in the adult, including granule cells and pyra-
midal neurons in CA3 (Figures 3A, 3C, and 3D). While dendritic
Wnt7a/b proteins could clearly be detected in stratum lucidum,
no Wnt7a/b immunoreactivity could be detected in mossy fiber
terminals, suggesting that, at mossy fiber/CA3 synapses, these
Wnt proteins predominantly accumulate postsynaptically
(Figure S6). Housing mice under EE conditions led to a robust
and generalized increase in Wnt7a/b immunoreactivity and
Wnt7a/b levels in CA3 (Figures 3B–3D). Significantly, no compa-
rable changes in Wnt7a/b immunoreactivity were detected in
dentate gyrus granule cells, or in CA1 (Figure 3C). An analysis
of Wnt transcripts in control and EE mice revealed specific and
robust upregulation of Wnt7b (but not Wnt5 or Wnt3) mRNA in
principal neurons in CA3 (but not CA1 or DG) upon EE (Figures
3E and S7). A detailed analysis revealed that, upon EE condi-
tions, Wnt7a/b levels were markedly increased at CA3 pyramidal
neuron cell bodies (Figure 3C) and at clustered structures along
pyramidal neuron dendrites (Figure 3C), which codistributed with
the postsynaptic spine marker drebrin and thus likely represent
postsynaptic thorny excrescences (Figure 3F; see also
Figure S6).
Wnt Signaling Is Necessary and Sufficient to Augment
Synapse Numbers and LMT Complexities in CA3
To investigate a possible role for Wnt signaling in mediating the
effects of EE on synapse numbers and LMT complexities, we
carried out experiments in the presence of the exogenous Wnt
signaling inhibitor ‘‘secreted frizzled-related protein 1’’ (sFRP-1),
a physiological antagonist, which specifically interferes with the
activation of Frizzled receptors by Wnt proteins, suppressing
Wnt signaling in situ (Mikels and Nusse, 2006). sFRP-1 or vehicle
was applied during the entire EE procedure through a canule,
targeting their release to a circumscribed region of hippocampal
CA3 (Figures 4A and S8). We found that the presence of sFRP-1
in CA3 (but not in the dentate gyrus; data not shown) effectively
suppressed the effect of the enriched housing conditions on
satellite, LMT, and bassoon puncta numbers (Figure 4A). In
control experiments, sFRP-1 applied to CA3 did not influence
the stimulatory effect of EE on spine densities in CA1
(Figure 4A). sFRP-1 also effectively suppressed the effect of
EE on LMT numbers and complexities in Rab3a/ mice, indi-
cating that Wnt signaling is required to enhance synapse and
LMT numbers in the presence or absence of Rab3a (Figure S9).
To investigate the possibility that stratum lucidum synapse
numbers in the adult might undergo constant regulation medi-
ated by Wnt signaling, we applied sFRP-1 locally into CA3 in
mice housed under control conditions. We found that the treat-ment produced a reduction in total stratum lucidum bassoon
puncta numbers, in the contents of bassoon puncta per LMT,
in the fractions of LMTs with satellites, but not on spine densities
in CA1 (Figure 4B).
To determine whether enhanced Wnt signaling might be suffi-
cient to enhance stratum lucidum synapse numbers and LMT
complexities, we applied a cell-permeable, potent, and selective
agonist of Wnt signaling (see Experimental Procedures), or puri-
fied recombinant Wnt7a (or Wnt3a or Wnt5a) locally into CA3 in
mice housed under control conditions. We found that the Wnt
agonist produced effects closely comparable to those of the EE
conditions, including increased stratum lucidum LMT and satel-
lite numbers, stratum lucidum bassoon puncta numbers, and
puncta densities at LMTs (Figure 4C). The Wnt agonist also
increased LMT satellite numbers when applied to organotypic
slice cultures (Figure S10). When applied to CA3 (but not CA1 or
DG; data not shown), Wnt7a (but not Wnt3a or Wnt5a) produced
a robust increase in LMT complexities and numbers and in the
numbers of bassoon puncta in stratum lucidum (Figure 4C; in
control experiments, Wnt proteins did not influence MAP 2
labeling patterns; data not shown). In contrast, when applied to
CA1, none of the Wnt proteins affected spine densities in CA1.
Taken together, these results provided evidence that Wnt7 (but
not Wnt3 or Wnt5) signaling regulates synapse numbers and
LMT complexities in adult mice under control and EE conditions.
Requirement for Sustained Wnt Signaling to Maintain
Enhanced Stratum Lucidum Synapse Numbers
To determine whether Wnt signaling is required specifically to
assemble additional synapses and LMTs under EE conditions
or whether it might also be continuously required to maintain
those increased synapse and LMT densities, we tested experi-
mental conditions that might reverse the effects of EE. In one
set of experiments, we applied sFRP-1 (or vehicle) after comple-
tion of the EE experiment locally to hippocampal CA3. We found
that the Wnt antagonist produced a rapid reversal of the effects
of EE on LMT complexities and numbers and on bassoon puncta
(Figure 5A). In a second set of experiments, we determined
whether the effects of EE on LMT complexities might reverse
spontaneously. We found that when mice were returned to
control housing conditions, LMT numbers and complexities
and bassoon puncta did return to control values (Figure 5B).
This reversal was, however, relatively slow: LMT numbers were
not detectably affected upon 2 weeks of control conditions,
and full reversal took 8–10 weeks (Figure 5B). Significantly, the
slow reversal in LMT numbers was accompanied by a compa-
rable reversal in CA3 Wnt7a/b signals (Figure 5C), consistent
with the notion that Wnt7a/b levels in CA3 and synapse numbers
in stratum lucidum might be related causally.(D) Increased densities of synaptic markers upon EE in Rab3a/mice. Left: robust increase in bassoon and PSD95 puncta in stratum lucidum upon EE in mice
lacking Rab3a. Center: bassoon puncta/LMT size values (numbers/10 mm3) are closely comparable in Rab3a+/+ and Rab3a/mice housed under control condi-
tions; EE conditions produce marked increases in average bassoon puncta/LMT size values in both genotypes. Right: bassoon puncta versus LMT size ratios in
mice lacking Rab3a are similar to those detected in Rab3a+/+ mice (compare to Figure 1D). N = 30, from 3 mice each.
(E) Schematic representation of how EE specifically enhances stratum lucidum satellite and synapse numbers, whereas LMT expansion depends on the presence
of Rab3a.
Scale bars: 12.5 (A), 3 (B), 10 (C) mm.Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc. 515
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Wnt Signaling Regulating Adult CA3 Synapse NumbersFigure 3. Increase of Wnt7a/b Protein and mRNA in CA3 Pyramidal Neurons upon EE
(A) Distribution of Wnt7a/b immunoreactivity in dentate gyrus (DG) and CA3 of a 3-month-old Thy1-mGFP mouse; mGFP visualizes granule cells and the mossy
fiber projection. Note howWnt7a/b signal highlights principal neuron and interneuron cell bodies. Insert: low-magnification view of Wnt7a/b staining in the entire
hippocampus.
(B) Representative Wnt7a/b immunostainings in CA3 pyramidal neurons (cell bodies on the left of the panels) and stratum lucidum (center and right) upon control
(Ctrl) or EE conditions (3 mo mice). Samples were processed at the same time, and images were acquired with identical settings.
(C) Left: immunoreactivity of Wnt7a/b in different hippocampal regions in Ctrl and EE conditions. MAP2 immunoreactivity is shown as a control, and signal inten-
sities for Wnt7a/b were always normalized to MAP2 signals. Note the specific increase in Wnt7b immunoreactivity upon EE in CA3, but not in CA1 or DG. Center:
quantitative analysis Wnt7a/b immunoreactivity upon EE in different hippocampal subregions. In CA2, Wnt7a/b was only upregulated in a minority of cell bodies.
N = 90, from 3 mice each. Right: Wnt7a/b immunoreactivity values in cell bodies and stratum lucidum clusters. N = 90, from 3 mice each.
(D) Increase ofWnt7a/b protein levels in CA3 upon EE. Top:Wnt7a/b western blot (CA3 homogenate) of representative Ctrl and EEmice. GADPH: loading control.
Bottom: quantitative analysis of signal intensities (Wnt7b/loading control ratios). N = 6, 3 mice each condition.516 Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc.
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How are CA3 Wnt7a/b levels regulated, and how do they relate
to the Wnt signaling involved in regulating synapse numbers?
To investigate the possibility that synaptic activity might influ-
ence Wnt-dependent regulation at adult mossy fiber-CA3
synapses, we carried out pharmacological experiments in hippo-
campal organotypic slice cultures. Suppressing synaptic activity
in the slice cultures with TTX produced a dramatic reduction of
Wnt7a/b immunoreactivity in CA3 pyramidal neuron cell bodies
(Figure 6A), whereas enhancing excitatory synaptic activity by
applying inhibitors of GABAergic transmission led to a marked
increase of the Wnt7a/b signal (Figure 6A). The effects of
synaptic activity in slice cultures were particularly pronounced
in CA3, but similar trends were detectable in DG and CA1
(Figure 6A). These experiments thus suggested that synaptic
activity is critically important to regulate Wnt7a/b levels in CA3
pyramidal neurons.
Consistent with the notion that synaptic activity regulates
Wnt7a/b levels in CA3, a comparison between Rab3a/ mice
and their Rab3a+/+ littermates revealed a widespread and
profound reduction of Wnt7a/b signal levels in CA3 pyramidal
neurons, and protein levels in CA3 in the absence of Rab3a
in vivo (Figure 6B). In the mutant mice, the smaller LMTs and
the absence of mfLTP likely led to a reduction in synaptic output
bymossy fibers; the reducedWnt7a/b levels were in turn consis-
tent with the substantial reduction in bassoon/PSD95 puncta
numbers in those mice (see Figure 2B). Interestingly, housing
Rab3a/mice under EE conditions rescued the Wnt7a/b signal
(and protein levels) in CA3 pyramidal neurons, although the
levels reached were somewhat lower than those obtained
upon EE in Rab3a+/+ mice (Figure 6B). This Rab3a-independent
effect of EE on CA3 Wnt7a/b signals might reflect a widespread
increase in synaptic output onto CA3 pyramidal neurons under
EE conditions.
To investigate how synaptic activity and Wnt signaling might
interface in regulating Wnt7a/b levels in CA3, we analyzed
mice treated with sFRP-1. We found that when wild-type mice
were maintained under control conditions and treated locally
with the Wnt signaling inhibitor, which reduced synapse
numbers in CA3, this produced a dramatic and widespread
reduction in Wnt7a/b signals at CA3 pyramidal neuron cell
bodies (Figures 6C and S11). Wnt7a/b signals in CA1 or DG
were not affected by the addition of sFRP-1 to CA3 (Figure 6C
and S11). In contrast, when mice were housed under EE condi-
tions, local inhibition of Wnt signaling, which prevented the
effects of EE on synapse numbers, only had a partial effect on
the upregulation of Wnt7a/b in CA3 pyramidal neurons (Fig-
ure 6C). Taken together, these results are consistent with the
notion that the extent of synaptic activity onto CA3 pyramidal
neurons has a major role in regulating Wnt7a/b levels in these
neurons and that the levels of Wnt7a/b in pyramidal neurons inturn affect the magnitude of Wnt signaling that controls synapse
numbers in stratum lucidum.
Coregulation of Wnt Factor Levels and Synapse
Numbers as a Function of Age
Having found that Wnt signaling has a critical role in regulating
stratum lucidum synapse numbers in the adult, we next
wondered whether the pronounced long-term shifts in LMT
size distributions as a function of age might also involve regula-
tion through Wnt signaling. To explore this possibility, we first
analyzed the distribution of Wnt7a/b immunoreactivity in mice
of different ages. We found a striking bimodal regulation of
global Wnt7a/b levels in CA3 pyramidal neurons as a function
of age: maximal signal levels were detected in mice aged 6–12
months, whereas younger and older mice exhibited substantially
lower Wnt7a/b immunoreactivity (Figures 7A and 7B). At closer
inspection, the Wnt7a/b signal was more homogeneously
distributed along pyramidal neuron dendrites in younger mice,
whereas adult and older mice exhibited a marked concentration
of the signal at dendritic clusters (Figure 7B). Immunoblot and
in situ hybridization analysis confirmed peak CA3 Wnt7a/b
protein and transcript levels in 6- to 12-month-old mice and
marked declines in aged mice (Figure 7C).
The higher Wnt7a/b levels in mice aged 6–12 months were
correlated with higher bassoon puncta numbers in stratum luci-
dum (Figure 7D) and higher contents of bassoon puncta in many
larger LMTs (Figure 7E). Furthermore, inhibiting Wnt signaling in
youngmicewith sFRP-1produced amarked shift in LMTvolumes
towardmoreelongatedshapesand larger sizes,which resembled
those detected in untreated older mice (Figure 7F; see also
Figures 2A and 4C). In contrast to young (3 months) or middle-
aged (6–12 months) mice, exogenous sFRP-1 did not detectably
affect bassoon puncta numbers or LMT size distributions in older
mice (24 months) housed under control conditions (data not
shown), possibly reflecting low basal levels of Wnt signaling in
those mice. Taken together, these results are consistent with
thenotion that by influencing themagnitudeofWnt signaling, vari-
ations in Wnt7a/b levels in CA3 pyramidal neurons account, at
least in part, for the different numbers of synapses and the size
distributions of LMTs in stratum lucidum as a function of age.
EE in Old Mice: Wnt-Dependent Increase in Synapse
Numbers without Increase in Wnt7a/b Levels
Both young and old mice exhibited comparatively low Wnt7a/b
signals in CA3 pyramidal neurons, but very large LMTs resem-
bling those detected upon inhibition of Wnt signaling in younger
mice were only detected in older mice. This observation promp-
ted us to wonder whether the shift to larger LMTs might reflect
a loss of Wnt-dependent synaptic plasticity in old mice. To
address this issue, we housed a group of very old mice (24
months) under EE conditions during 50 days. We found that(E) Expression of Wnt mRNAs in CA3, CA1, and DG in Ctrl and EEmice. Photographs and quantitative analysis of in situ hybridizations with specificWnt7b, Wnt5,
and Wnt3 probes. Note the specific increase of Wnt7b, but not Wnt3 or Wnt5 upon EE in CA3.
(F) Accumulation of Wnt7a/b immunoreactivity at Drebrin-positive postsynaptic clusters, but not at mGFP-positive presynaptic LMTs. The images are MIPs.
Upper row: three-channel (left) and two-channel images; lower row: corresponding single-channel images.
Scale bars: 65 (B, C, and E) and 10 (F) mm.Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc. 517
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ities in these old mice (Figure S12). As expected, this effect of EE
was abrogated in the presence of sFRP-1, indicating that, as in
young mice, it depended on Wnt signaling (data not shown).
Like in young mice, the EE conditions led to an increase in
stratum lucidum bassoon puncta numbers and in the numbers
of puncta per LMT (Figure S12). Surprisingly, however, the EE
treatment did not produce a detectable increase in Wnt7a/b
Figure 4. Wnt Signaling Is Necessary and Sufficient to Enhance Stratum Lucidum Synapse Numbers and LMT Complexities in the Adult
(A) Local application of sFRP-1 into CA3 suppresses the effects of EE on LMT and satellite numbers and active zone markers. 3 mo mice; 3 weeks of EE with
sFRP-1 or vehicle (veh). Top left: representative camera lucida drawings; Top right: quantitative analysis of satellite, LMT, and bassoon puncta numbers; N =
60, from 3 mice each. Bottom left: immunoreactivity for sFRP-1 3 days after application to CA3. Note sFRP-1 signal in CA3, but not CA1 or DG (low diffuse signal
in DG and CA1 may be due to endogenous sFRP-1). Bottom right: sFRP1 applications to CA3 did not affect the increase in CA1 pyramidal neuron dendrites
(apical) spine densities upon EE. N = 30, from 3 mice each.
(B) Wnt signaling is continuously required to maintain bassoon puncta densities in stratum lucidum of adult mice. Left: representative camera lucidas of LMTs in
vehicle- and sFRP-1-treated mice; center: quantitative analysis of bassoon puncta in stratum lucidum and per individual LMT. Note the decrease of bassoon
puncta upon sFRP-1 application to CA3 and the absence of this effect when sFRP-1 is applied to the DG or CA1. Right: spine densities on CA1 pyramidal
cell dendrites were not affected by sFRP-1 administration to CA3 (all mice housed under control conditions).
(C) Top: local application of Wnt agonist to CA3 is sufficient to mimic the effects of EE on satellite and LMT numbers, bassoon puncta within stratum lucidum and
within LMTs (shown from left to right). Bottom: local application of recombinantWnt7a, but not Wnt3a orWnt5a, to CA3mimics the effects of EE on LMT numbers
and bassoon puncta. Right panel: the local application of recombinant Wnt proteins (3a, 5a, and 7a) to CA1 or CA3 (Wnt3a andWnt5a to CA3 not shown) does not
change spine densities on apical dendrites of CA1 pyramidal cells. 3-mo mice, 2 week treatment with vehicle, Wnt agonist or recombinant Wnt proteins; N = 60,
from 3 mice each.
Scale bars: 12 (camera lucidas), 8 (C, bassoon), 5 (C, YFP), 2 (A, spines) mm.
Figure 5. Reversibility of Wnt-Dependent Effects Of EE on Stratum Lucidum Synapses
(A) Reversal of EE effects upon local application of sFRP-1 to CA3. EE housing (3 weeks) was followed by 2 weeks of sFRP-1 (or vehicle) treatment under control
housing conditions. Mice sacrificed at 14 weeks. N = 60, from 3 mice each.
(B andC) Long-term reversal of EE effects on LMT numbers (B) and onWnt7a/b levels (C) upon returningmice to control cages for several months. EREV: 3 weeks
of EE, followed by 3 months of control conditions. Note how 2 weeks EREV does not affect LMT numbers or Wnt7a/b levels. N = 60 (B), 90 (C), from 3 mice each.
Scale bars: 10 (A and B), 40 (C) mm.Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc. 519
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produce an increase in the sizes and numbers of Wnt7a/b-posi-
tive dendritic clusters in CA3 (Figure S12). A possible interpreta-
tion of these results is that, under control housing conditions,
Wnt expression and signaling might be reduced in old mice
compared to young mice but that the EE conditions produced
enhanced Wnt signaling sufficient to augment synapse numbers
and LMT complexities in the absence of overtly enhanced
Wnt7a/b levels in CA3 pyramidal neurons.
DISCUSSION
The main finding of this study is that environmental enrichment
produces a robust, specific, and reversible global increase in
Figure 6. Regulation of Wnt7a/b in Hippocampal CA3
(A) Regulation of Wnt7a/b immunoreactivity by synaptic activity in organotypic slice cultures. Day in vitro 7 slices were treated with drugs during 4 days and then
analyzed. BIC, bicuculine; CGP, GABAB antagonist; PTx, GABAA antagonist picrotoxin. Left: immunocytochemistry in CA3; neuronal cell bodies counterstained
with neuronal marker NeuN; asterisks: position of stratum lucidum, insert: higher magnification of CA3 pyramidal cell bodies costained with Wnt7a/b and NeuN
(white lines point to two cell bodies). Right: quantitative analysis of Wnt7a/b intensities in principal neurons of CA3, DG, and CA1. N = 90, from 3 slices each.
(B) Wnt7a/b regulation in Rab3a+/+ (+/+) and Rab3a/ (/) mice. Three left panels: representative pictures and quantitative analyses of Wnt7a/b immunocyto-
chemistry. Right panel: quantitative analysis ofWnt7a/bwestern blots of CA3 homogenates fromRab3a+/+ andRab3a/mice. Note strong reduction ofWnt7a/b
in the absence of Rab3a, and rescue upon EE conditions. N = 90 (immunocytochemistry), N = 6 for western blot; 3 mice each.
(C) Wnt7a/b regulation upon inhibition of Wnt signaling in CA3. Note strong Wnt7a/b reduction upon sFRP-1 specifically in CA3, but not CA1 or DG, and rescue
upon EE conditions. MAP2: control staining. N = 90, from 3 mice each.
Scale bars: 30 mm.520 Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc.
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Wnt Signaling Regulating Adult CA3 Synapse NumbersFigure 7. Regulation of Wnt7a/b in CA3 and Synapse Numbers in Stratum Lucidum as a Function of Age
(A) Representative examples of CA3 Wnt7a/b immunoreactivity in mice of different ages. Stratum lucidum on the right. All samples processed identically and in
parallel; all images acquired with identical settings.
(B) Quantitative analysis of CA3 Wnt7a/b immunoreactivity as a function of age. N = 90, from 3 mice each.
(C) Changes in Wnt7a/b protein and mRNA levels as a function of age. Left: western blot of CA3 homogenates and quantitative analysis; right: quantitative anal-
ysis of in situ hybridization signals for Wnt7b in CA3 pyramidal cell bodies.
(D) Bassoon puncta in stratum lucidum as a function of age. N = 60, from 3 mice each.
(E) Bassoon content of individual LMTs at different ages. Note higher contents of bassoon puncta in LMTs of 6 mo mice, coinciding with higher Wnt7a/b signal
levels.
(F) Effect of sFRP-1 on LMT shapes and sizes in young mice. sFRP-1 produced an elongation (left), and a bimodal shift to larger and smaller sized LMTs (right) in
younger mice, mimicking the effects of aging (see also Figure 2A). Treaments: 14 day vehicle or sFRP-1.Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc. 521
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campal stratum lucidum and that this regulation is mediated
through Wnt signaling (Figure 8). Furthermore, Wnt7a/b signal
intensities in CA3 pyramidal neurons were correlated to stratum
lucidum synapse numbers and LMT synapse densities and
were regulated through synaptic activity, experience, and age
(Figure 8). In the following sections, we discuss mechanistic
and functional implications of these results and their relationship
to those from previous studies on the regulation of structural
plasticity and the roles of Wnt signaling in synapse regulation.
Regulation of Global Synapse Numbers in the Adult
by Wnt Signaling
We have provided evidence that Wnt signaling regulates stratum
lucidum synapse numbers in the adult and that it couples
changes in experience and age to synapse number values.
Importantly, our gain-of-function results indicate that enhanced
Wnt signaling is sufficient to augment synapse numbers,
synapse densities at LMTs, and LMT complexities, arguing
against the possibility that Wnt signaling might mainly have
a permissive role in synapse maintenance. Where it has been
investigated, Wnt signaling in developmental synaptogenesis
involves release of Wnt proteins from the postsynapse and local
signaling to the pre- and postsynapse through Dvl scaffold
proteins and the canonical Wnt pathway (Salinas and Zou,
2008). This signaling produces the assembly and maturation of
pre- and postsynaptic complexes, changes in gene expression,
and changes in synaptic function (Salinas and Zou, 2008). Like-
wise, our results suggest that signaling to stratum lucidum
old age
sFRP-1
EE
EE
Wnt-Ag
sFRP-1
Wnt7a/b Wnt7a/b Wnt7a/b
Figure 8. Schematic Representation of How CA3 Pyramidal Neuron
Wnt7a/b Signals Relate to Stratum Lucidum Synapse and LMT
Numbers
Orange color intensity represents Wnt7a/b signal levels in pyramidal neurons.
Red dots: synapses at thorny excrescence LMT contact sites. Individual LMTs
contacting the pyramidal neuron are indicated in gray. The schematic
suggests that individual thorny excrescences only contact one LMT (Galim-
berti et al., 2006; Rollenhagen et al., 2007), but it is possible that some large
thorny excrescences might contact several LMTs. Wnt7-mediated regulation
of thorny excrescence growth might control synapse and LMT numbers in
stratum lucidum. Alternatively, Wnt7 signaling might promote coordinate
thorny excrescence and LMT growth by targeting pre- and/or postsynaptic
receptors. Higher relative levels of Wnt7a/b in thorny excrescences might
reflect local regulation of Wnt7a/b trafficking, release and signaling.522 Neuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc.synapses involves Wnt7 release from postsynaptic CA3 pyra-
midal neurons and regulation of pre- and postsynaptic struc-
tures. The receptors and signaling pathways involved remain
to be determined, but our identification of Wnt7 as the relevant
Wnt protein and the results with the Wnt-agonist are consistent
with the notion that signaling for synapse numbers in adult
stratum lucidum involves the canonical pathway. It will further
be interesting to determine whether Wnt signaling pathways in
CA3 interact with other signaling pathways that have been
implicated in regulating central synapse numbers (Christopher-
son et al., 2005; Ji et al., 2005; Sato et al., 2007; Barbosa et al.,
2008; Chiu et al., 2008).
Adult neurogenesis of DGgranule cells is related to experience
(van Praag et al., 2000), and Wnt signaling can promote adult
neurogenesis in the DG (Lie et al., 2005). This raised the question
of whether adult neurogenesis might have a role in the enhanced
numbers of synapses in stratum lucidum of EE mice. However,
even taking into account time intervals much longer than the
3 weeks of EE involved in our experiments, estimated numbers
of new granule cells are less than 12% of total granule cells in
the adult hippocampus (Ninkovic et al., 2007). In contrast, EE
affected synapse densities at most LMTs, ruling out the possi-
bility that we are detecting selective effects on LMTs belonging
to new granule cells. Furthermore, local applications of sFRP-1
in the DG had no detectable effects on stratum lucidum synapse
numbers in our experiments (data not shown). In addition, Wnt
agonist and Wnt7a were only effective when applied directly to
CA3, and Wnt-agonist mimicked the effects of EE in slice
cultures that lacked neurogenesis under our experimental condi-
tions. Taken together, these considerations thus rule out a direct
role for adult neurogenesis on our experimental readouts. On the
other hand, the enhanced synapse numbers upon EE might
provide an attractive mechanism to support the integration of
new mossy fiber synapses within stratum lucidum local circuits.
Our results suggest that the levels of Wnt7a/b accumulation at
pyramidal neurons in CA3 might be a key variable in the regula-
tion of synapse numbers through Wnt signaling in response to
experience and age. These findings are consistent with those
from previous studies implicating Wnt7a and Wnt7b in signaling
at synapses in the hippocampus (Salinas and Zou, 2008; Cerpa
et al., 2008).
An important issue raised by our findings concerns the
patterns and the duration of the signals required to relate expe-
rience to global Wnt-dependent increases in synapse numbers.
Our results suggest that the global alterations in synapse
numbers might reflect comparatively slow regulatory processes.
Thus, the changes in synapse numbers developed fully within
3 weeks of EE and reversed within 2–3 months of control
housing conditions. Our results in organotypic slice cultures
suggest that synaptic activity has a profound influence in regu-
lating Wnt7a/b signals in pyramidal neurons. These latter results
extend those of previous studies on dissociated hippocampal
neurons, which had provided evidence that spiking activity
and LTP can promote Wnt accumulation and release (Chen
et al., 2006). However, although synaptic activity is likely
involved, the particular factors that initiate and control the de-
layed Wnt-dependent regulation of synapse numbers upon EE
remain to be determined.
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Numbers in the Adult
A main result of this study is that environmental enrichment
produces a robust, specific, and reversible global increase in
synapse numbers and LMT synapse densities in hippocampal
stratum lucidum of adult mice. Behaviorally, EE involves sus-
tained increases in exploratory, social, and running activity
(van Praag et al., 2000). Our results thus relate a long-term
general increase in the interactions of mice with their environ-
ment to well-defined increases in the numbers and connectivi-
ties of identified synapses in hippocampal stratum lucidum. In
addition to their contribution to elucidating principles of struc-
tural plasticity in the adult, mechanistic insights gained from
this comparatively simple and well-defined experimental system
might also be relevant to different settings involving behaviorally
induced global structural plasticity. These might include the
regulation of CA3 and CA1 synapse densities by stress, spatial
learning, and hibernation (Stewart et al., 2005; Magarin˜os
et al., 2006), the regulation of multispine bouton connectivity in
CA1 by estrogens and androgens (Yankova et al., 2001; Leranth
et al., 2003), and synapse remodeling in motor cortex in
response to EE and spinal cord lesions (Kim et al., 2008).
We found that EE produced an increase in synapse densities
at all LMTs, combined with higher numbers of satellite LMTs.
Based on these observations, we suggest that an increase in
postsynaptic thorny excrescence outgrowth and complexities
might be a primary target of Wnt-mediated regulation (see also
Kavalali et al., 1999). We further found that the densities of
synapses in stratum lucidum were negatively correlated to the
prevalence of larger LMTs. For example, reduced synapse
numbers in the presence of sFRP-1 or in older micewere accom-
panied by many large LMTs, whereas EE produced numerous
small satellite LMTs and a reduction in the incidence of larger
LMTs in older mice. We have provided evidence that synapse
numbers and presynaptic terminal sizes are regulated through
distinct mechanisms. Accordingly, these observations suggest
that yet unknown mechanisms might balance volume growth
and synapse densities at individual LMTs. This could, for
example, be achieved through synaptic activity sensors (Davis,
2006; Rich and Wenner, 2007).
Experience-Related Alterations in Circuit Connectivity
in the Adult
What might be the implications of these global changes in
synapse numbers for the connectivity of neuronal circuits in
CA3? It is well established that environmental enrichment
strengthens hippocampal learning, and our findings suggest
circuit-based mechanisms to support hippocampal learning.
Thus, the higher numbers of synaptic sites at most LMTs likely
strengthen the impact of the mossy fiber output onto CA3
(Henze et al., 2002; Mori et al., 2004; Galimberti et al., 2006).
Given the critical role of the dentate gyrus and its mossy fiber
output for pattern separation (McHugh et al., 2007; Leutgeb
et al., 2007; Bakker et al., 2008), this might produce an enhanced
discriminatory power of the hippocampal system under condi-
tions of environmental enrichment. Such an effect of EE on
pattern separation would be reminiscent of the effects of natural-
istic experience on barrel cortex receptive fields (Polley et al.,2004) and of the learning-enhanced discrimination of olfactory
cues (Li et al., 2008).
Finally, it is interesting to speculate about the possible func-
tional roles of global changes in connectivity, such as those
revealed by our study. One possibility is that the enhanced
synapse densities might facilitate circuit rearrangements, which
could be retained when the novelty wears off. According to this
view, globally increased synapse numbers might be considered
as ‘‘activated states’’ to promote long-term structural plasticity.
A different, and in our opinion more plausible, view is that the re-
arrangements directly support hippocampal learning by
producing a structurally different network state, with modified
processing properties. Accordingly, experience-related global
changes in connectivity might represent a type of plasticity
mechanism involving reversible modifications in local network
structure and function. The functional implications of these
modifications for hippocampal learning remain to be deter-
mined. Furthermore, it will be interesting to determine whether
further behavioral changes known to affect hippocampal
function might also produce global modifications in circuit
connectivity.
EXPERIMENTAL PROCEDURES
Mice and Reagents
Transgenic mice expressing membrane-targeted GFP in only a few neurons
(Thy1-mGFPs, L21, and L15) were as described (De Paola et al., 2003).
Rab3a knockout mice (B6;129S-Rab3atm1Sud/J) were obtained from the Jack-
son Laboratory and backcrossed into Thy1-mGFP (L21) mice. Thy-YFP mice
were from the Jackson Laboratory.
For enriched environment (EE) experiments, male mice were housed in
groups of three to four littermates in large (rat) cages equipped with three
running wheels per cage, toys, and hiding spaces. Control mice were male
littermates (three to four), which were housed individually in small standard ca-
ges without special equipment. Unless stated otherwise, EE was started at
1 month of age and lasted 20 days. Organotypic slice cultures were based on
the Stoppini method (Stoppini et al., 1991), as described (De Paola et al., 2003).
Mature recombinant sFRP-1 was obtained fromR&D systems and dissolved
in PBS/0.1% BSA to a working concentration of 50 mg/ml. Wnt agonist (Cal-
biochem) was dissolved in a small volume of DMSO and then further diluted
with PBS to a final concentration of 10 mM (DMSO < 1:1000). Recombinant
Wnt3a, Wnt5a, and Wnt7a were from R&D Systems and dissolved in PBS/
0.1% BSA. Working dilutions were as follows: Wnt7a, 20 mg/ml; Wnt5a,
5 mg/ml; Wnt3a, 40 ng/ml. 300 nl of working dilution were injected four times,
every third day, and mice were analyzed 12 days after beginning of treatment.
Antibodies were from the following sources: bassoon, anti-mouse Alexa Fluor
546 and 647, anti-goat Alexa Fluor 546 and 633, donkey anti-goat Alexa Fluor
568 (Molecular Probes); NeuN anti-mouse (CHEMICON); anti-GAPDH (Santa
Cruz); Alexa 680 donkey-anti-goat (Invitrogen), IRdye goat-anti-mouse
800CW (Li-Cor); anti-human Wnt7a/b antibody, anti-Wnt7a, anti-Wnt7b,
anti-sFRP-1 (R&D). The Wnt7a/b antibody preferentially detects Wnt7b, but
exhibits 20% cross-reactivity for Wnt7a (R&D). Reagents, with their working
concentrations were TTX (Laxotan, 1 mM, stock in acetate buffer), bicuculline
(SIGMA, 20 mM in water), CGP (SIGMA, 0.4 mM in water), picrotoxin (SIGMA,
20 mM in water).
Surgery and In Vivo Treatments
Injection canulas were implanted unilaterally (left hemisphere) above the CA3
b-a region of isofluorane-anesthetized mice using stereotactical guidance.
Canulas were fixedwith dental cement. Implantation coordinates fromBregma
(implantation 0.5 mm above injection site as the needle surpassed canula by
0.5 mm): ante-posterior 2.06 mm, lateral 2.5 mm, dorso-ventral 1.4 mm.
Animals were allowed to recover for 3 days after surgery before drugNeuron 62, 510–525, May 28, 2009 ª2009 Elsevier Inc. 523
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300 nl of either drug (treated) or vehicle (control) through a small needle guided
through the implanted cannulas every 3–4 days for 12–21 days. Canula posi-
tions were confirmed in all analyzed sections to be above Ca3b-a without
harming the mossy fiber projection or CA3 pyramidal cell dendrites.
Immunoblots and In Situ Hybridization
CA3 tissue was dissected by cutting small pieces of tissue with the help of
a glass Pasteur pipette from frozen coronal brain sections (0.5–1 mm thick-
ness). Samples were homogenized, and immunoblotting was performed under
reducing conditions. Odyssey Western Blotting System was used to perform
double-fluorescent immunoblotting. GADPH was used as a loading control
and detected on the same membrane as Wnt7a/b.
In situ hybridization was performed according to a standard protocol, using
digoxigenin-labeled probes for nonradioactive detection. The sequences of
the specific probes against Wnt3, Wnt5, and Wnt7b (selective over Wnt7a)
mRNA are provided in Supplemental Data. All samples belonging to the
same series were processed in one batch, and images were acquired and
processed with the same settings.
Immunocytochemistry, Image Acquisition, and Image Analysis
A detailed account of the methods used for immunocytochemistry, histology,
and for the acquisition and analysis of images is provided in Supplemental
Data. Briefly, high-resolution images were acquired on an upright spinning
disc confocal microscope (Yokogawa CSU22 confocal scanning head and
Zeiss Axioimager M1) or on an LSM510 confocal microscope (Zeiss). Micro-
scope images were processed and analyzed using Metamorph 6.1, Imaris
4.2 (Bitplane AG), and ImageJ software. Wnt7a/b staining intensities were
measured on single confocal planes. Parallel stainings were carried out for
MAP2 on the same sections (see e.g., Figure S13), and those intensities
were used to normalize signal intensities. The analysis of signal intensities
was carried out blind to experimental conditions.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and 13
figures and can be found with this article online at http://www.cell.com/
neuron/supplemental/S0896-6273(09)00346-8.
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